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ABSTRACT 
PART I
ASSAY METHODS FOR THE KETO-ENOL TAÜTOMERIZATION 
OF OXALACETIC ACID
Several spectrophotometric assays for OAA enolization were 
developed and studied. The sensitivities of each system to changes in 
pH, ionic strength and protein concentration were compared. Displace­
ment of the keto-enol equilibrium by temperature change alone, indicates 
that several factors govern tautomeric and related equilibria. The most 
useful method for following OAA ketonization coupled the reaction to the 
MDH-catalysed reduction of keto-OAA to malate. The feasibility of coup­
ling ketonization to other systems using keto-OAA as substrate is dis­
cussed.
PART II
PURIFICATION AND CHARACTERIZATION OF OXALACETATE KETO-ENOL TAUTOMERASE
The enzyme was purified 250 fold by heat, acetone and ammonium 
sulphate fractionation of a pork kidney extract, followed by dialysis 
and column chromatography. The tantomerase was separated from several 
other enzyme activities. A preliminary kinetic study has shown how the 
enzyme activity is altered by changes in pH, temperature and substrate 
concentration and by the presence of a variety of chemical compounds.
ii
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flavin prosthetic group
the 5'-di- and -triphosphates of guanine
glutamic oxalacetic transaminase
acetic acid
p-hydroxyphenyl pyruvate keto-enol tautoraer- 
ase, also known as arylpyruvate keto-enol 
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the 5'-di- and -triphosphates of hypoxanthine 
lactic dehydrogenase 
MDH-coupled OAA ketonization assay 
malic dehydrogenase 
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Pa, Pb
PCMB
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pHPP
Pi
PPi
Pyr
SP
TCA
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Tr
Ub
Vo
V
Vmax
nicotinamide adenine dinucleotide, reduced 
form
degree Centigrade 
oxalacetate
oxalacetate decarboiqrlase 
oxalacetate keto-enol tautomerase 
optical density unit
phosphate buffered OAA enolization assa-rs
p-chloromercuribenzoie acid
phosphoenolpyruvate
p-hydroxyphenyl pyruvic acid
inorganic orthophosphate
inorganic pyrophosphate
pyruvate
spontaneous or uncatalysed reaction
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tris-HCl buffered OAA enolization assay
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catalysed reaction
velocity due to net enzymatic catalysis
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GENERAL INTRODUCTION
Oxalacetic acid in aqueous solutions between pH 5 and pH 10, 
exists as a tautomeric equilibrium mixture of the enol and keto forms of 
the acid anions. Early estimates of the enol composition were 16-20$, 
by bromine titration (l) and 3$ by ultraviolet absorption measurements 
(2). Nuclear magnetic resonance studies (3) and 260 absorbance stud­
ies of aqueous ethanol solutions (4) have placed the equilibrium concen­
tration of enol-OAA at about 10$. Bromine titration values (15.5-15.8$) 
are in excellent agreement with values (15.5-16$) obtained by parallel 
280 mp absorbance measurements, using an observed molar absorbance of 
3220 (5). Kinetic measurement of the three dissociation constants of 
OAA allowed calculation of a value of 14.1$ enol at pH 5«2-8.4, which 
corresponded well with values based on an observed molar absorbance of 
3550 (6). Absorbance studies at 255 mp enabled calculation of 15.3$ 
enol at pH 8.0, using an observed molar absorbance of 56OO (?). Approxi­
mately the same equilibrium value of 15.3$ for the pH range of 5 to 10 
is reached by acid or base catalysis, whether approached from the enol 
or keto side of the equilibrium (7). Molar absorbances in all cases 
were measured in absolute diethyl ether solutions, in which case OAA is 
known to be in the enol form (1 ,2).
Both the first and second dissociations of OAA are stronger 
in the enol than in the keto isomers (6). The molar absorbance of the 
enol isomer appears to be unaffected by the degree of dissociation of 
the protons (6). At pH 2.5, OAA in HgO is 2.8$ in the enol form, and
1
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2at pH 12.4, 49$ (7).
Rates of OAA enolization were followed by addition of ice- 
cold OAA in aqueous solution at pH 3 to dilute NaOH or tris-HCL buffer 
solutions at 25° (7). Ketonization rates were followed at 2° by addit­
ion of cold enolic alcohol solutions of OAA to buffer solutions of ap­
proximately neutral pH (6,8), In addition to being catalysed by buffers 
and metal ions (6,7,8), the keto-enol tautomerization is general acid- 
and base-catalysed (7,8,9):
Acid Catalysed:
H H
O O H O  O O H O  O O H O
II II I II . fast II I M l slow II M  II +
HO-C-C-C-C-OH + H ^ — ± HO-C-C-C-C-OH .. HO-C-C=C-C-OH + H
I e  I
H H
Base Catalysed:
H
O O H O  O O H O  O O H O
II II I II slow II I I II fast II I I II
-0-C-C-C-C-O” + H" -0-C-C=C-C-0" + BH ^=i"0-C-C=C-C-0" + B"
I
H
The deuterium isotope rate effects in both acid- and base-catalysed OAA 
enolizations indicate that C-H bond cleavage is the rate-limiting step 
(7). The same conclusion was reached for other enolizing systems (10, 
11, 12). A concerted mechanism was proposed (8) and deemed likely for 
the case of base-catalysed tautomerization of OAA, by analogy to the ob­
served situation in methyleneazomethines (13).
The very rapid bromination of enols has permitted its use in 
following enolization in various sytems (10,11). The rates are propor­
tional to the concentration of the ketone and acid (or base), but are 
independant of the concentration of bromine, which becomes involved 
after completion of the rate-determining step. Racemization of an
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
3optically active ketone on formation of an ontically inactive enol, has 
also been successfully used to follow enolization (12). Another method 
consisted of following the rate of deuterium exchange with the formed 
enol (11,12). While each of these methods is chemically valid, they are 
not as generally useful as spectrophotometric methods; bromination and 
deuteration suffer from the relative complexity of the experimental op­
erations and the requirement for reactions that are of fairly long dur­
ation (at least several hours). The racemization method is fairly simple, 
experimentally, but is limited to a rather specialized category of ket­
ones. About 4$ error is involved in measurement of enolization by these 
methods (12,13).
Solid OAA is thought to exist as the trans enolic isomer (5).
The two crystàlline fractions prepared by the method of Wohl and Oester- 
11n (14) were called cis (m.p. 152°) and trans (m.p. 382°) originally 
(14 - 17). A continuous range of decomposition points are obtained 
(144 - 172°) in fractions prepared using increasing concentrations of 
H2SO4 (5,18). Low- and high-decomposing crystalline fractions, however, 
have identical infrared spectra, crystal powder diagrams, and molar ab­
sorbances (5). Thus, the presence of trace impurities of solid keto- 
acid, which, furthermore has never been prepared, cannot account for 
the variation of the decomposition point (5). Recrystallization of 
low-decomposing OAA in solvents containing traces of RgSO^ ,^ cause the 
decomposition point to be raised (5). The variation in decomposition 
point is thought to be of complex origin (5).
The direct involvement of OAA in enzymatically catalysed sys­
tems is impressive (See APPENDIX I) (19 - 128).
The question of how the maqy reactions of OAA are linked to
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
4others in the control of the metabolism of carbohydrate, fat and protein 
has been considered by many authors (129 -133). There is no doubt that 
OAA is both an essential intermediate and an instrument of enzyme and 
substrate regulation in several biosynthetic pathways.
OAA has been considered a vital intermediate in the TCA cycle 
because of its essential condensation with acetyl-CoA to form citrate, 
and because its in vivo steady-state concentration is significantly low­
er than any of the other cycle intermediates (130). It is important that 
low levels of OAA are sufficient to stimulate the TCA cycle and gluta­
mate oxidation as well, since OAA inhibits the mitochondrial oxidation 
of malate to OAA (62,134 - 137) and the oxidation of succinate to fumar- 
ate (138,139) when allowed to accumulate (131). Purified PEP carboxy- 
kinase (4.1.1.32) has been shown to remove OAA as PEP and release the 
OAA inhibition of succinate dehydrogenase (l40). Hellerman et al. have 
suggested that the enol form of OAA inhibits succinate dehydrogenase 
(141). OAA is, in a wider sense, a catalyst within the TCA cycle, for 
the oxidation of acetate (bound to CoA) derived from the catabolism of 
fat and carbohydrate: OAA reacts with acetyl-CoA to form citrate, after
which two carboxyl groups are oxidized to COg with the production of ATP 
and the regeneration of OAA (130).
The intimacy of citrate, acetyl-CoA and OAA interconversions 
and mutual stimulations implicates OAA as an important regulator of fat 
synthesis and gluconeogenesis (132,133). While citrate is an important 
precursor of fatty acids (142), the cytoplasmic citrate-cleavage system 
can provide an alternative pathway to malonyl-CoA production through OAA 
itself (143), and serve as a source of acetyl-CoA to balance losses by 
transfer into mitochondria (144). Almost exclusive lipid synthesis
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
5will occur if acetyl-CoA levels are very high and OAA levels are low, 
but the accumulation of long-chain acyl-CoAs leads to an inhibition of 
citrate synthase, which will divert both acetyl-CoA and OAA to other 
pathways (133). In bacterial systems, the reverse aldol cleavage of 
citrate to OAA and acetate is competitively inhibited by magnesium com- 
nlexes of enolic OAA (145). In conditions of stress, gluconeogenesis 
can be accelerated by the catabolism of muscle protein (146). The pro­
duced amino acids, further degraded by the liver to keto acids, must 
enter the reversed glycolytic pathway as phosphoenolpyruvate. OAA ob­
tained by protein catabolism, or from the transamination of c< -keto- 
glutarate, is converted by PEP carboxykinase (4.1.1.32) to PEP (69). 
Direct PEP synthesis from pyruvate by a reversal of the pyruvate kinase 
(2,7.1.40) reaction is not considered energetically feasible (147). A 
shuttle system was proposed, involving the conversions, pyruvate to 
malate to OAA to PEP (129,71), but an abbreviated system, pyruvate to 
OAA to PEP, seems favoured (147,148) in view of the fact that the irre­
versible pyruvate carboxylation step (6.4.1.1) is activated by acetyl- 
CoA (98 - 102).
A great many miscellaneous facts are known about OAA, which 
further implicate it as an indirect controller of metabolic steps. OAA 
is bound to GOT in a Schiff's base intermediate, a process which would 
apparently represent the first step in the reaction mechanism (l49). OAA 
is bound through both carboxyl groups and the carbonyl to citrate synth­
ase (150), with the resultant protection of the enzyme from palmityl-CoA 
and heat inactivations (151,152). Tartrate is a precursor of OAA in 
Salmonella tvohimurium (153) by a process which seems to be related to 
the action of specific D-, L- and meso-tartrate dehydratases (154 - 157).
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6OAA is apparently a primary product obtained ^en fumarate hydratase 
(4,2.1.2) acts selectively on unnatural (-) tartrate (I58), At low con­
centrations, OAA activates the rabbit muscle LDH isozymes 1 and 5, but 
at higher concentrations, causes an inhibition (159)* The OAA-succinic 
dehydrogenase complex differs from other enzyme-inhibitor complexes in 
that a characteristic wide, diffuse absorption band is observed from 5OO
to 750 «91 (160).
So far, the keto form of OAA has been found to be the active 
substrate in reactions catalysed by the following enzymes: malate de­
hydrogenase (1,1,1,37) of pig heart (72) and wheat germ (I6I), chicken 
liver PEP carbojqrkinase (4,1,1,32) (72) and pig heart citrate synthase 
(4,1,3,7) (162), Keto-OAA has been shown to be the product in reactions 
catalysed by PEP carboxylase (4,1,1,31) of wheat germ (124) and chicken 
liver (122), and by bacterial citrate lyase (4,1,3.6) (I63).
The keto form of OAA was proposed as the active spontaneously- 
decarboj^lating species, after consideration of the bèhaviour of «<, c< - 
dirtëthyl substituted OAA, in idiich only the keto form can exist (l64), 
OAA decarboxylation studied over a range of pH and pD values has indi­
cated that the keto form of the monoanion is the active decarboxylating 
species (165,166), In the presence of divalent metal ions, the keto 
dianion is the active decarboxylating species (l64,167,165).
Knox and coworkers discovered an enzyme (5,3*2.1) which cata­
lyses the keto-enol tautomerization of the phenylpyruvie acids (l68,l69). 
The discovery that this series of keto-acids form enol-borate complexes 
which absorb strongly in the ultraviolet region, led to an improved eno­
lization assay system (170), Measurement of the decrease in absorption 
provided a useful method for the assay of phenylpyruvie oxidases and
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
7transaminases (171)• A four-step, several-huMredfold purification of 
the enzyme from lamb kidneys, and a slight modification of the assay pro­
cedure were recently reported (172). An alkaline activation of the en­
zyme was removed on purification (170,172), The strongest inactivators 
of the enzyme are sulphydrl-reactive compounds (170).
This dissertation presents assays for and characteristics of 
a new enzyme that catalyses the keto-enol tautomerization of OAA, OAA 
keto-enol tautomerase. The appropriate Enzyme Commission number would 
be 5.3.2.2.
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PART I
ASSAY METHODS FOR THE KETO-ENOL TAUTOMERIZATION 
OF OXALACETIC ACID
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
CHAPTER I 
INTRODUCTION
The existence of the keto and enol isomers of OAA is almost 
universally acknowledged by authors who, in the course of their studies, 
must mention the involvement of OAA. The establishment of the tautomer­
ic equilibrium is, in some cases, almost taken for granted. For example, 
early methods of assaying for GOT activity (80,8l) depended upon the 
spectrophotometric measurement of the production of the 260 irçp-absorbing 
species, enol-OAA, with the concession that OAA enolization could be the 
overall rate-limiting step (l6l). Those concerned with OAA decarboxy­
lation recognized the importance of the inactive enol form of OAA and 
incorporated it effectively into proposed reaction mechanisms (165,173, 
166). Spontaneous enolization and ketonization rates were studied using 
pH perturbation methods (5,6,7,8 ). OAA ketonization was qualitatively 
demonstrated by coupling with the malate dehydrogenase system (I6I).
This work has sought to develop methods of quantitatively 
measuring rates of OAA tautomerization which are slow enough to serve as 
methods for the assay of the enzymatic tautomerization. pH perturbation, 
temperature perturbation and coupling to other enzyme systems were in­
vestigated as possible assay methods. In addition to the establishment 
of various sets of conditions for use as assay methods, this study has 
brought about an appreciation of the relationship of the tautomerization 
to other related equilibria.
9
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CHAPTER II 
EXPERIMENTAL 
A. METHODS
l) Enolization Assays based on pH Perturbation
The assay procedures described below are those found to be 
most easily reproducible and operationally acceptable as methods of 
following spontaneous enolization of OAA, Whenever enzyme is included, 
the reaction mixtures remain unchanged in total volume, ionic strength 
and final pH by appropriate adjustment of the volume of water, buffer 
or both. Enzyme catalysis is expressed as the rate of the catalysed 
reaction less the rate of the spontaneous or control reaction.
All components of each reaction mixture, except OAA, were in­
cubated in Pyrocell quartz cuvettes of 1 cm path length and 1.0 ml work­
ing capacity for about 5 minutes in the Beckman DU monochromator's cell 
compartment, which was maintained at 25.0 t 0.2° by means of thermal 
spacers and a Haake circulating water pump. The reactions were started 
by addition of OAA of the appropriate concentration from solutions pre­
pared with ice-cold water and incubated until use in an ice bath. Rates 
of absorption increase at 260 nyi, due to the enol form of OAA were fol­
lowed using a Gilford Model 2000 Absorbance Recorder. Initial veloci­
ties were expressed as the change in optical density per minute, and 
were obtained by measurement of the slope of the initial portion of the 
recording, which remained linear for at least one minute. The molar
absorbance of enol-OAA used was 8460, based on measurement of OAA
10
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absorption in absolute diethyl ether solutions.
For phosphate assay (Pa), 0,1 ml 0,1 M potassium phosphate 
buffer at pH 7,4 and 0.8 ml water are pre-incubated. Enolization is 
initiated by addition of 0.1 ml 10”^ M OAA at pH 2,4. The pH after 
reaction is 7.3.
For the tris-HCl assay (Tr), 0,1 ml 0,1 M tris-HCl buffer at 
pH 7.6 and 0.8 ml water are pre-incubated. Enolization is initiated by 
addition of 0.1 ml 10“^ M OAA at pH 2.4. The pH after reaction is 7 .5 .
For phosphate assay (Pb), 0.2 ml 10” M potassium phosphate 
buffer at pH 7.4 and 0.7 ml water are pre-incubated. Enolization is 
initiated by addition of 0.1 ml 10"^ M OAA at pH 3.1. The pH after 
reaction is 7.3.
For the unbuffered assay (Ub), a 0.9 ml solution of approxi- 
mately equal volumes of water and 2 x lO” M NaOH, is pre-incubated.
The proportion of water and NaOH can be varied slightly depending on 
the final pH desired, and on slight variations in the pH of freshly pre­
pared NaOH solutions. The pH of this mixture is generally 9 to 11. After 
addition of 0.1 ml 5 % 10“^ M OAA at pH 2.7 to begin the enolization 
reaction, the mixture assumes a pH near neutrality.
A unit of enzyme activity as measured by each of the above 
procedures is defined as that amount of enzyme which catalyses the ap­
pearance at 260 nyi of 1 uM enol-OAA per min at 25°.
In the ease of the three buffered assays, slight, deliberate 
variations in the pH of the buffers used produce slight differences in 
the observed final pH values. Under normal circumstances, correction 
of observed rate data to some convenient reference pH is not required, 
since the final pH is essentially constant in all experiments. Where
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the effect of some other agent is being studied, somewhat poorer buffer­
ing may be observed, and reference to a previously prepared plot of 
enolization rate vs pH for the appropriate correction factors may be 
required.
The unbuffered system, on the other hand, always requires 
correction of the observed rate and pH data to some reference pH, In 
assaying prepared protein fractions, the most reliable method involves 
collection of a series of observed rates for reactions run at various 
pH values in the range 7 to 9. The rates are plotted on a logarithmic 
scale against pH as in Fig. 4, and the interpolated value at pH 8.0 is 
used in subsequent enzyme activity expressions.
An alternate method of correcting the observed rate to pH 8.0 
is the use of a nomograph (Fig. 5)» which was constructed empirically 
and found to be most, reliable for the pH range 7.5 to 8 .0 and rates be­
low 0.04 OD/min.
2) Temperature Perturbation Studies
The assay used for the temperature perturbation studies was a 
modification of the phosphate assay (Pa). One cm light-path cuvettes of 
3 ml working capacity are used throughout. Each cuvette initially con­
tained 2.6 ml water and 0.1 ml 0.1 M potassium phosphate buffer. The 
cell compartment, for the pre-incubation, was maintained at 18.0°. To 
begin the reaction, 0.3 ml of ice cold 10“ M QAA at pH 2.4 was added. 
Whenever pH variation was required, the ratio of buffer components was 
altered. For pH values in the range 2 to 3» 0.1 M H^ Oj|^  and 0.1 M 
KH^PO^ were substituted for the buffer. For a final pH of 7.3» 0.1 M 
K2HP0j^ was substituted for the buffer. At 10 minutes after the addition 
of the final component, QAA, rapid heating of the cell compartment was
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
nbegun. In about 2 minutes the temperature reached exactly 38.0°, where 
it was maintained until 30 minutes after QAA addition. Rapid cooling 
was then begun, and l8.0° was reached in about 2 minutes. The recording 
of the absorbance changes was terminated 50 minutes after QAA addition. 
Exceptions to this are to be noted in certain experiments in Figs. 6, 7 
and 10, where a longer initial period at 18.0° was desirable.
Heating and cooling was controlled by connecting the inner 
plates of the doubly-jacketed cell compartment through two three-way 
glass valves to two Haake circulating water pumps maintained at 18.0 and 
38.0 t 0.2°. Thus, at specified times, the temperature change could be 
initiated by simply turning the valves so as to impede the flow of water 
from one source, and start immediate flow of water from the other. The 
temperature of the optical system was maintained constant by keeping 
slit, lamp and phototube housings thermostated at 25 t 0.2° by means 
of a third Haake pump connected to the outer plates of the doubly-jack­
eted cell compartment and the lamp housing. Quartz windows were in­
stalled in the centres of the outer cell compartment plates and a mini­
mal flow of dry nitrogen from a cylinder was flushed through the relativ­
ely closed compartment. This technique prevented fogging of the cuvette 
faces during temperature changes.
To follow the extent of OAA decarboxylation occurring on 
temperature perturbation, total OAA and pyruvate content were analysed. 
Aliquots of the temperature-perturbation mixtures were withdrawn at 
various reaction times (see Figs. 8, 9, and 10) and rapidly analysed in 
another recording spectrophotometer. OAA was converted to malate almost 
instantaneously, whenever a 0.02 ml aliquot of the reaction mixture was 
added to a system containing 10,67 mM potassium phosphate buffer at pH
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7.4; 3.3 mM MgCl2» 0.17 mM NADH, 0.46 pg/ml MDH, 0.033 mg/ml bovine 
serum albumin and water to make the final volume 1.0 m]L. The decrease 
in absorbance of NADH was measured at 340 mp. This method of analysis 
is a modification of a standard method of assay for OAA reduction as 
used by Vennesland et (l6l). A further rapid decrease in absorbance 
due to the conversion of pyruvate to lactate, was observed whenever a 
0.01 ml aliquot of an ammonium sulphate suspension of LDH (10 mg/ml) was 
added to the cuvette. This amounts to a modification of another stand­
ard assay method, as reported by Kornberg (175). OAA and pyruvate con­
centrations were calculated from the observed absorbance changes and 
dilutions of the original analysis mixture.
3) Coupled Assays for OAA Ketonization
A technique was developed for reproducably adding precise 
amounts of solid enol-OAA to a cuvette containing buffer, water, NADH 
and an excess of MDH. This innovation resulted in an OAA ketonization 
assay, which is essentially a quantitation of a system used in a quali­
tative manner by Vennesland jet _gl.(l6l) to demonstrate the nature of 
the OAA-ketonization-controlled reduction of keto-OAA to malate. A 
solution of 0.5 X 10“  ^M OAA in absolute diethyl ether is prepared in a 
small flask fitted with a teflon stopcock, which serves as an injection 
port for withdrawing 0.02 ml samples with a 50 pi syringe. The aliquot 
is quickly transferred to the bottom of a small plastic spoon, where 
evaporation of the ether is complete in about 30 seconds. The spoon is 
then suspended over silica gel in a closed 300 ml Erlenmeyer flask.
For pre-incubation purposes, each 3.0 ml, 1 cm light path 
cuvette contains (2.1 - x) ml water, 0.3 ml 0.1 M potassium phosphate 
buffer at pH 7.4, 0.5 ml 10"^ M NADH, 0.1 ml 13.7 pg/niL dialysed MDH,
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having been diluted l/lOO in a solution of 1 mg bovine serum albumin per 
ml of 0.02 M potassium phosphate buffer at pH 7.4, and x ml of an approp­
riate dilution of test protein.
With the absorbance at 340 mp adjusted to read 100$, the recor­
der chart is set in motion with the pen response switched off. The spoon 
containing the solid enol-OAA is immersed into the cuvette. When rapid 
stirring with the plastic spoon is completed, the pen response is switch­
ed on (about 10 seconds after the start of the reaction). The reaction 
is usually complete in about 15 minutes. Both measurements of initial 
velocities and rate constant calculations from first order kinetic plots 
provide reliable means of deriving kinetic values from the observed rate 
data. When many experiments were performed, calculations were greatly 
facilitated by the use of a Fortran programme for first-order plots with 
the IBM 1620^3 computer.
A citrate synthase-coupled OAA ketonization assay was devised, 
using a modification of the 233 mp thiol ester cleavage assay of Srere 
and Kosicki (93). For pre-incubation purposes, each I.5 ml, O.5 cm 
light path cuvette contained (1.15 - x) ml water, 0.2 ml 0.1 M tris-HAc 
buffer at pH 8.4, O.O5 ml acetyl-CoA (^10 mg/ml), prepared according to 
the method of Simon and Shemin (1?6), 0.1 ml 0.23 mg/ml CS, having been 
diluted 1/100 from a 70$ ammonium sulphate suspension, and x ml of an 
appropriate dilution of test protein. The reaction was started by 
addition of solid OAA using the above mentioned spoon technique. 0.02 
ml of a 0 .5 X 10” M solution of OAA in ether was evaporated on the 
spoon.
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4) Materials
The following materials were commercial preparations: 
MgCl2*6H20, KgHPO/^ , KHgPO^, Silica gel and THAM (Fisher Scientific Co., 
Ltd.); MDH and LDH (Sigma Chemical Co.); NADH, CS and CoA (Boehringer 
Mannheim Corp.); H^PO^ (Allied Chemical Canada, Ltd.); Acetic Acid and 
anhydrous absolute Diethyl Ether (Mallinckrodt Chemical Works, Ltd.);
OAA and BSA (Calbiochem); Acetic Anhydride (Eastman Organic Chemicals).
Acetyl-CoA was prepared according to the method of Simon and 
Shemin (176). Measurements of pH were made using a Beckman model G pH 
meter, standardized at 25° with pH 7.00 i 0.02 buffer, a O.O5 M KH2P0/^ - 
NaOH solution purchased from Fisher Scientific Co., Ltd.
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B. RESULTS
1) Comparison of Enolization Assays
The relative order of sensitivity of the enolization assays to 
increasing amounts of dialysed pork kidney extract, is Pa = Tr > Ub >
Pb (Fig, 1). The spontaneous reaction velocities of the Tr, Pa and Ub 
assay systems are significantly affected by pH change within the rather 
narrow span of 1 pH unit (Fig. 2), whereas the Pb assay system is relat­
ively insensitive to pH change. A more valid and practical comparison, 
however, is that of the relative sensitivities to pH at the normal com­
mon operating pH of 7.4, in which case the sensitivity order is Tr ) Pa 
> Ub = Pb. The relative sensitivities of the enolization assays to 
ammonium sulphate concentration is Pa ) Tr  ^Ub = Pb (Fig. 3). Thus, 
those assays which are most sensitive to changes in pork kidney extract 
concentration are also most sensitive to pH and ammonium sulphate con­
centration changes.
The exponential change of rate with pH in the unbuffered assay 
system is, in fact, an essential characteristic of acid- and base-cata­
lysed enolization, and as such it provides a basis for data interpolat­
ion (Fig. 4). An alternate pH normalization method involves the use of 
a nomograph (Fig. 5 ).
2) Interplay of Tautomerization and Related Equilibria during Temper­
ature Perturbation
The absorbance patterns of OAA solutions at various pH values, 
subjected to rapid temperature shifts, show a progression in both the 
maximum absorbance reached and the nature of the temperature effect with
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increasing pH (Fig. 6 and Fig. 7). At 260 n^i (Fig. 6), the initial ab­
sorbance at 18° increases with pH, but requires progressively longer 
periods before reaching an apparent state of equilibrium at higher ab­
sorbance levels. At 215 mp (Fig. 7), the initial absorbance at l8° 
increases with pH at a more rapid rate. At 260 n^ i, both the degree and 
the direction of absorbance changes due to temperature perturbation 
progressively change with increasing pH. At 215 W *  increasing pH 
effects only a decrease in the degree of absorbance change due to temp­
erature perturbation.
The levels of pyruvate change appreciably when solutions of 
OAA at various pH values are subjected to rapid temperature shifts (Fig. 
8, Fig. 9 and Fig. 10). An initial heat-induced increase in the rate 
and extent of OAA decarboxylation with increasing pH, becomes reversed 
for pH values of 4.5 and higher. This reversal is approximately coin­
cident with the change in direction of the 260 absorbance pattern.
3) Characterization of Coupled Ketonization Assays
Spontaneous and catalysed OAA ketonization, as measured by the 
MDH- and CS-coupled assays, exhibit first order behaviour (Fig. 11 and 
Fig. 12). Deviation of points in the logarithmic plots from the straight 
line relationship is not significant, being due to the inability to 
accurately measure very small changes in rate as the reaction approaches 
completion. By comparison, relatively early deviations from first order 
behaviour are apparent in spontaneous and catalysed enolization measured 
by the phosphate assay (Pa) (Fig. 13). In each of the Figures 11, 12 
and 13, the maximum amount of usable data, as dictated by the approach 
of reaction completion, is plotted.
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The rates of spontaneous and catalysed OAA ketonization as 
measured by the MDH-coupled assay are greatly influenced by the pH en­
vironment provided. Sensitivity to pH variation decreases markedly from 
pH 6.0 to pH 8,0 (Fig. 14). The pH sensitivity at the normal operating 
pH of 7.4, is comparable with that of the enolization assays, Ub and Pb 
(Fig. 4). Enzyme activity data is most reliably measured in the pH range
7.4 to 8.0, since fewer errors are introduced through measurement of the 
slower rates of both spontaneous and enzymatic reactions.
The rate of spontaneous and catalysed OAA ketonization as 
measured by the MDH-coupled assay increases as the incubation tempera­
ture of the reaction is increased. The net rate, due to enzymatic cata­
lysis, is approximately doubled with every 20 degree rise in temperature. 
The data is summarized in an Arrhenius plot (Fig. 15) from which an 
activation energy of 6,011 cal/mole for the catalysis is calculated.
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Fig. 1. Sensitivity of enolization assays to increasing am­
ounts of pork kidney extract. All assays were performed as described in 
the EXPERIMENTAL section of this chapter: ( O ) phosphate assay (Pa),
( ■ ) tris-HGl assay, ( a ) unbuffered assay, ( • ) phosphate assay (Pb), 
The same pork kidney extract described in step 1 of the purification, 
was used in each assay. The extract was exhaustively dialysed for 18 hr 
against 3 changes of deionized water.
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Fig. 2. Sensitivity of OAA tautomerization assays to pH, All 
assays were performed as described in the EXPERIMENTAL section of this 
chapter, except that the buffer solutions used were changed only in the 
proportion of their component parts; ( • ) tris-HCl assay, ( □ ) phos­
phate assay (Pa), ( O ) unbuffered assay, ( ■ ) MDH-coupled ketonization 
assay, ( A ) phosphate assay (Pb), In the case of the unbuffered assay, 
very small changes in the volume of 0.002 M NaOH produced the appropriate 
pH changes.
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Fio-, 3. Sensitivity of OAA tautomerization assays to ammonium 
sulphate concentration. All assays were performed as described in the 
EXPERIMENTAL section of this chapter: ( • ) tris-HCl assay, ( □ ) phos­
phate assay (Pa), ( O ) unbuffered assay, ( ■ ) MDH-coupled ketonization 
assay, ( ^ ) phosphate assay (Pb). Factors derived from the appropriate 
curves in Fig, 2 were used to correct the observed rate data for pH ef­
fect.
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Fig. 4. Spontaneous and enzymatic enolization of OAA as a 
function of pH. The unbuffered assay (Ub) was used, to interpolate the 
observed rate data to pH 8.0. Each reaction mixture consisted of between 
0.8 X lO” and 1.2 x lO” M NaOH to provide a range of pH values, an ap­
propriate amount of test protein, 0.$ mM OAA and water in a total volume 
of 1.0 ml. The data nearest the bottom axis ( & ), represents the spon­
taneous system. The other plots represent catalysis by enzyme present 
in exhaustively dialysed extracts of various tissues. The protein con­
centrations used were; ( X ) 5.7 x 10"^ mg/ml from beef spleen, ( v )
5 .4  X 10“  ^mg/ml from beef pancreas, ( O ) 12.7 x 10 ^ mg/ml from beef 
brain.
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Fig, 5» Nomograph, This device is intended for use with the 
unbuffered assay for OAA enolization, to correct observed rate and pH 
data to a convenient reference pH of 8,0, When a straight edge is placed 
so as to intersect the observed readings on the pH and scales, the
value for the rate at pH 8,0 can be read from the (8,0) scale. The 
nomograph is most reliable for the pH range 7,5 to 8,0 and rates below 
0,04 OD/min,
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Fig. 6. Temperature perturbation (260 mp) of OAA equilibrium 
at various pH values. The modified phospha+e assay (Pa) was used, with 
techniques for heatin^ and cooling as described in the EXPERIMENTAL sect­
ion of this chapter. In experiments 4 to 11 inclusive, each cuvette 
contained 3*3 mM potassium phosphate buffer of appropriate pH, 1 mM OAA 
and water to make the final volume 3.0 ml. In experiments 1, 2, 3 and 
12, 3.3 mM H^PO^, water, 3,3 mM KH2P0^ and 3*3 mM K2HP0^, respectively, 
were substituted for buffer. Final pH values were observed as follows: 
2.48, 3.22, 3.33, 3.58, 4.02, 4.55, 4.75, 5.72, 6.02, 6.38, 6.98, and 
7.24 in experiments 1 to 12, respectively.
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Fig. 7. Temperature perturbation (215 mp) of OAA equilibrium 
at various pH values. The modified phosphate assay (Pa) was used, with 
techniques for heating and cooling as described in the EXPERIMENTAL 
section of this chapter. In experiments ^ to 11 inclusive, each cuvette 
contained 3»3 mM potassium phosphate buffer of appropriate pH, 1 mM OAA 
and water to make the final volume 3*0 ml. In experiments 1, 2, 3 and 
12, 3.3 mM H^ PO^ j,, water, 3.3 mM KH2P0/^  and 3.3 mM KgHPO;^ , respectively, 
were substituted for buffer. Final pH values were observed as follows; 
2.38, 3.09, 3.23, 3.46, 3.76, 4.12, 4.63, 5.68, 5.98, 6.41, 6.96, and 
7.27 in experiments 1 to 12, respectively.
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Fig. 8. Enol-OAA and pyruvate levels during temperature per­
turbation of strongly acidic OAA solutions. The modified phosphate assay 
(Pa) was used. The lower set of absorbance charges are those actually 
observed, and are a measure of the level of enol-OAA present. The upper 
curves were constructed from pyruvate analysis data. Pyruvate concen­
trations were converted to equivalent 260 rap absorbance, using the molar 
absorbance of enol-OAA, 8460, The final pH values observed were ( □ ) 
2,80 and ( o ) 3.62,
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Fig. 9. Enol-OAA and pyruvate levels during temperature per­
turbation of weakly acidic OAA solutions. The modified phosphate assay 
(Pa) was used. The lower set of absorbance changes are those actually 
observed, and are a measure of the level of enol-OAA present. The upper 
curves were constructed from pyruvate analysis data. Pyruvate concen­
trations were converted to equivalent 260 ny absorbance, using the molar 
absorbance of enol-OAA, 8460. The final pH values observed were ( O ) 
4 .47 and ( □ ) 5.70.
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Fig, 10, Enol-OAA and pyruvate levels during temperature per­
turbation of nearly neutral OAA solutions. The modified phosphate assay 
(Pa) was used. The lower set of absorbance changes are those actually 
observed, and are a measure of the level of enol-OAA present. The upper 
curves were constructed from pyruvate analysis data. Pyruvate concen­
trations were converted to equivalent 260 rp absorbance, using the molar 
absorbance of enol-OAA, 8460. The final pH values observed were ( □ ) 
6,61 and ( O ) 7.12,
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Fig, 11, First order behaviour of OAA ketonization using the 
MDH-coupled assay. Each reaction mixture consisted of 10,6? mM potassium 
phosphate buffer at pH 7,4, 0,17 mM NADH, 0,46 pg/ml MKî, 0,033 mg/ml 
bovine serum albumin, 33 OAA and water in a total volume of 3.0 ml.
In addition to the components of the spontaneous system, ( O ), the cata­
lysed systems ( □ ), ( • ) and ( ■ ) included, respectively, 0,1 ml ali­
quots of l/lOO diluted, l/lO diluted and undiluted fresh pork kidney 
extract, prepared as described in step 1 of the purification and exhaust­
ively dialysed for 18 hr against 3 changes of deionized water. Values 
of enol-OAA concentration were expressed in pmoles/liter before conver­
sion to logarithms.
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Fig, 12, First order behaviour of OAA ketonization using the 
C3-coupled assay. Each reaction mixture consisted of 13*33 mM tris-HAc 
buffer at pH 8,4, 0,33 mg/ml acetyl-CoA, 15*33 pg/ml CS, 66 ^  OAA and 
water in a total volume of 1,5 ml. In addition to the components of the 
spontaneous system, ( o ), the catalysed systems, ( • ) and ( □ ) in­
cluded 0,1 and 0,6 ml, respectively, of a 3/100 dilution of OAT from 
tube 45 of step 6 of the purification (final concentrations, 0,84 and 
5,04 p.g protein/ml, respectively). Values of enol-OAA concentration 
were expressed in pmoles/liter before conversion to logarithms.
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Fig. 13. First order behaviour of OAA enolization using the 
phosphate assay (Pa), Each reaction mixture consisted of lOmM potassium 
phosphate buffer at pH 7.4, 1 mM OAA and water in a total volume of 1.0 
ml. In addition to the components of the spontaneous system, ( O ), the 
catalysed systems, ( A ) and ( □ ), included 0.1 and 0.3 ml, respective­
ly, of a 1/10 dilution of fresh pork kidney extract, prepared as des­
cribed in step 1 of the purification and exhaustively dialysed for 18 hr 
against 3 changes of deionized water. Values of keto-OAA concentration 
were expressed in pmoles/liter before conversion to logarithms.
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Fig. 14, Spontaneous and catalysed MDH-coupled OAA ketoni­
zation as a function of pH, Each reaction mixture consisted of 10,6? 
mM potassium phosphate buffer of the appropriate pH, 0,17 mM NADH, 0,46 
pg/ml MDH, 0.033 mg/ml bovine serum albumin, 33 pM OAA and water in a 
total volume of 3.0 ml. In addition to the components of the spontan­
eous system, ( • ), the catalysed system, ( □ ), included 0.1 ml of a 
l/lOO dilution of fresh pork kidney extract, prepared as described in 
step 1 of the purification and exhaustively dialysed for 18 hr against 
3 changes of deionized water. The other catalysed system, ( O ), in­
cluded 0,3 ml of a 3/100 dilution of OAT from tube 4? of step 6 of the 
purification (final concentration, 0,68 pg protein/ml).
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Fig, 15. Arrhenius plot of spontaneous and catalysed MDH- 
coupled OAA ketonization. The reaction mixture for the spontaneous re­
action, ( • ), consisted of 10,67 mM potassium phosphate buffer at pH 
7.4, 0,17 mM NADH, 0.46 ^ g/ml MDH, 0,033 rag/ml bovine serum albumin, 33 
;oM OAA and water in a total volume of J.O ml. The catalysed system,
( o ), also included 0,1 ml of a j/lOO dilution of OAT from tube 4$ of 
step 6 of the purification (final concentration, 0.84 pg protein/ml). 
Data plotted for the net catalysis, ( □ ) yielded an activation energy 
of 6,011 cal/mole. Variations in incubation temperatures were made by 
appropriate adjustments of the Haake circulating pump thermoregulator.
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CHAPTER III 
DISCUSSION
Among the various OAA enolization assays investigated the tris- 
buffered assay, (Tr), would appear to be the most acceptable because of 
its sensitivity of detection of enzyme activity. The assays which are 
most sensitive in detecting enzyme activity are also most sensitive to 
pH and ammonium sulphate concentration changes. In routine application, 
however, these changes are too small to be of apy consequence, pH fluct­
uation is negligible in the buffered assay systems. Slight, but correct­
able pH variations may occur in the case of the unbuffered assay, Test- 
protein solutions normally encountered result in very low ammonium 
sulphate and other salt concentrations in the assay mixtures. Suitable 
control reactions can be measured to obtain true values for catalysis by 
the enzyme alone.
The variation of OAA equilibrium absorbancy as a function of 
pH (7) is known to be due to carbonyl dehydration and carboxyl group dis­
sociation, which favours stabilization of the enol form through intra­
molecular hydrogen bonding (l82). The absorbance of OAA solutions at 
260 imp in the pH range of 2 to 7 at constant temperature (18, Fig, 6 ) 
thus increases with increasing pH, The rate of reaching equilibrium 
near neutrality is expected to be slower than at other pH values because 
of decreased acid and base catalysis.
Simple aliphatic ketones are generally more thermodynamically 
stable than their enol isomers (182,183,184), Addition of heat to such
50
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a system would tend to favour displacement of the equilibrium in favour 
of the enol form. It is conceivable, however, that the enol formed under 
conditions where appreciable intra-molecular hydrogen bond stabilization 
could occur, would actually require heat to be converted to the keto 
form. In aqueous OAA systems below pH 10, the keto acid is always the 
major species present (7), so that the extent and rate of decarboxylat­
ion increases with Increasing temperature. Thus, when OAA solutions are 
heated, the major product is expected to be pyruvate, because shifts in 
the keto-enol equilibrium which might oppose decarboxylation are relat­
ively small. Since the monoanion is the principal decarboj^lating spec­
ies (165,166), heat-induced pyruvate production in both very acidic sol­
utions and in nearly neutral solutions would be expected to be appreciable, 
but less than in the neighbourhood of pH 3*5» where the rate and extent 
of decarboxylation is maximal. The pK values for the first and second 
acid dissociations of OAA are 2,22 and 3*89, respectively (6), Thus, 
the observed maximal pyruvate production at pH 3*62 (Fig, 8) is approxi­
mately coincident with the maximal monoanion concentration,
A multiple equilibrium system can relate OAA acid dissociations, 
keto-enol tautomerization and decarboxylation:
Pyr° + CO2 Keto®  —  -  Enol® (1)
+ H ^ - H  - H ^ H ^  Pyr- + COg (2)
Enol- Keto; *«----► Ketog (3)
Enoi; (4)
Pyr" + CO 2 Keto" Enol” (5)
Heavy arrows represent the conversions which are favoured on heating.
The heating-cooling patterns of Fig, 6 are explainable in 
terms of this scheme. The conjugated system in the enol form of OAA is
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responsible for the 260 my absorbance characteristic, regardless of the 
state of carbonyl group ionization (6), The principal absorbing species 
at 260 raji then, are the enol forms, which are themselves spectrophoto- 
metrically indistinguishable. The formation and stabilization of enol 
is intimately related to the carboxyl group ionizations. Thus, heating 
of an OAA equilibrium mixture at low pH ( < 2), effectively increases 
the degree of carboxyl group dissociation, providing a greater than 
normal abundance of monoanions, and consequently, more routes to enol 
forms. The observed absorbance increase on heating would thus be truly 
indicative of a shift toward higher enol concentrations. The absorb­
ance patterns at higher pH values (3 to 5)» however, gradually become 
reversed. In these cases the initial equilibrium mixtures are richer in 
monoanions, so that heating produces more rapid decarboxylation, which 
can compete for the Keto” species with heat-induced enolization, and 
pull the keto-enol equilibrium in the direction of keto formation. 
Heating of weakly acidic solutions (pH 5 to 7), which are predominantly 
dianionic and so the strongest-light-absorbing solutions of all, causes 
a definite decrease in the observed absorbance at 260 n^ i. This is in­
dicative of the loss of the enol dianion, which presumably is now more 
stable than the corresponding keto form by virtue of intra-molecular 
hydrogen bonding possibilities involving 5- and 6-membered resonance- 
stabilized rings. The total absorbance decrease in this case is less 
because of decreased decarboxylation.
The heating-cooling patterns of Fig, 7 are also explainable in 
terras of the proposed equilibria. The principal absorbing species at 
215 nyi is pyruvate, with small contribution also from the enol form of 
OAA, At constant temperature (l8°) the apparent equilibrium
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concentration of pyruvate increases with increasing pH, This is reason­
able because of the greater number of keto species becoming available 
for the production of both pyruvate and enol-OAA, Heating an equilib­
rium mixture of OAA at low pH ( < 2) increases all of these trends, and 
thus a fairly large absorption increase is observed. This increased 
absorbance on heating gradually lessens, however, at higher pH values 
(3 to 5) as greater pyruvate production becomes offset by increased 
enolization. At higher pH values (5 to 7), greater dissociation of the 
second carboxyl group effects the removal of significant amounts of 
monoanion, and the heat-induced decarboxylation becomes even less. The 
215 #1 absorbance increase is offset even more by a decrease in the 
contribution of the disappearing Enol species. The temperature pertur­
bation method becomes an unsuitable method of assay of oxalacetate keto- 
enol tautomerase activity, because of the interference of the many re­
lated equilibria.
Comparison of the two coupled ketonization assays and the 
enolization assay. Pa, has shown that significant deviations from first- 
order behaviour occur in the enolization assay only. The small amount 
of spontaneous decarboxylation which is known to occur in neutral, buf­
fered solutions of OAA, and which therefore competes with OAA enolizat­
ion could account for this deviation. In the coupled ketonization 
assays, however, the instantaneous removal of OAA as malate or citrate,
frees the ketonization reaction, from the influence of any competing or 
consecutive reactions.
The MDH-coupled assay, although not formally compared with the 
same dialysed pork kidney extract, would appear to be at least as sen­
sitive to enzyme concentration as the enolization assay. Pa, At the
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normal operating pH of 7.4 to 7.6, however, the sensitivities of the 
MDH-coupled assay to pH and ammonium sulphate concentration changes are 
low, being comparable with those of the enolization assays, Ub and Pb, 
The MDH-coupled system is more suitable as an assay procedure than the 
CS-coupled system, because the spontaneous reaction of the latter is 
fairly large, making the detection of low levels of catalysis difficult.
Coupling of OAA ketonization to other purified enzyme systems 
which use keto-OAA as the substrate is possible. The success of these 
systems as assay methods will depend on the ease of detection of product 
formation or coenzyme conversion, and on particular operating conditions 
of pH and concentration of other constituents.
In the case of OAA, the ultimate picture of equilibria must 
include things such as raetal-chelate complexes and cis-trans isomeri- 
zations. The use of pH perturbation is to a certain extent compatible 
with a similar situation in the cell. As OAA is turned over by its many 
enzymatically catalysed reactions, the keto and enol forms must, on 
their return to the 'medium’ of the cell, be confronted with continually 
re-establishing the chemical equilibrium dictated by the neutral-buf­
fered environment. Admittedly, the Tr, Ub and coupled assay conditions 
are not the prevailing ^  vivo conditions, except for pH. The phos­
phate-buffered assays. Pa and Pb, at least begin to approach physiologi­
cal conditions.
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PART II
PURIFICATION AND CHARACTERIZATION OF OXALACETATE 
KETO-ENOL TAUTOMERASE
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CHAPTER I 
INTRODUCTION
It has been estimated that the rate of OAA tautomerization in 
the neutral salt environment of the cell is at least an order of magni­
tude lower than its turnover in its many enzymatically catalysed react­
ions, The existence of an OAA keto-enol tautomerase on this a priori 
basis was further strengthened by the realization that OAA isomers are 
greatly involved in the control of key metabolic reactions, and as such 
ought to be subject to interconversion at catalytic rather than spon­
taneous rates.
With the development of suitable assay methods, the way was 
clear for a study of the enzymology of OAA tautomerization, A prelimi­
nary report describing the partial purification of an OAA keto-enol 
tautomerase from beef liver has appeared (l?4) (See APPENDIX II), A 
tentative Enzyme Commission number for this enzyme would be 5*3*2,2,
The present work deals with the purification of the pork kidney enzyme 
and its partial characterization.
56
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CHAPTER II 
EXPERIMENTAL
A. METHODS
1) Distribution Studies
Tissues were chosen from sources that were readily available 
and which were representative of life in the various kingdoms. All 
tissues were extracted in 4 volumes of 0,1 M potassium phosphate buffer 
at pH 7.4 per unit weight of tissue. The duration of extraction was 4 
to 5 minutes, in order to allow the contents of the Waring blendor to 
warm from 3 to 19®. E« Coli B cells were ruptured by sonication for 15 
minutes in an ice bath. Yeast cells (Fleischmann's 20-40, dry) were 
ruptured by extraction in the Waring blendor with small glass beads and 
the occasional addition of small pieces of dry ice. The extracts were 
centrifuged at 30,000 x g for 20 minutes, then exhaustively dialysed 
for 18 hr against 3 changes of deionized water. Any precipitate which 
formed during dialysis was removed by centrifugation, OAT Activity was 
assayed using the unbuffered assay procedure, interpolating the observed 
rate data to pH 8,0 in the manner of Fig, 4,
2) Enzyme Purification
Through the courtesy of Essex Packers, Ltd, of Windsor, Ont,, 
pork kidneys were obtained directly from the carcasses of freshly 
killed animals. The kidneys were cooled immediately in an ice bath and 
transported to the laboratory, where the non-connective tissue was cut
57
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into small pieces of about 1 to 2 g wet weight. Twenty-five g packages 
of tissue were frozen, to be used within one week in making preparations 
for enzyme purification studies. All steps in the purification were 
carried out at 5° in a refrigerated laboratory, unless stated otherwise.
Assay of the various fractions for OAT activity, using the 
MDH-coupled ketonization assay, was carried out as soon as possible af­
ter their preparation, as free time became available in the ensuing 
purification procedure. Control reactions were necessary for the first 
four purification fractions. Enzyme solutions of the appropriate dil­
ution for assay, were placed in test tubes in a boiling water bath for 
10 minutes. The mixtures were centrifuged to remove precipitated mater­
ial. Assay for other enzyme activities were made on subsequent days, 
using the frozen and re-thawed fractions and boiled preparations.
Step 1, Twenty-five g of thawed pork kidney and 100 ml of 
0,1 M potassium phosphate buffer at pH 7.4 were placed in a small, stain­
less steel Waring Blendor vessel (200 ml maximum capacity) and extracted 
4 to 5 minutes, during which time the temperature of the extract rose 
to 19°, A second extract, made under the same conditions, was added to 
the first, A 2 ml portion was removed and centrifuged at 30,000 x g for 
20 minutes in a Servall SS-IA centrifuge. The supernatant, regarded as 
the step 1 extract, was a blood-red colour.
Step 2, The crude, uncentrifuged extract was poured into two 
300 ml stainless steel centrifuge cups. The cups were balanced against 
one another, then immersed to within 0,5 inch of their brims in a well- 
stirred water bath at 59°. The extract was stirred manually, while 
undergoing the heat treatment. The temperature of the extract reached 
59° in about 5 minutes. The cups and contents were cooled for 10 minutes
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in an ice bath before being centrifuged at 20,000 x g for 20 minutes at 
5° in a Lourdes IRA refrigerated centrifuge. The supernatant fraction, 
referred to as the heat fraction, was a clear, light red solution.
Step 3* One hundred seventy-two ml of acetone at 5° was added 
dropwise from a separatory funnel over a period of 30 min to an equal 
volume of the heat fraction, which was well-stirred magnetically in a 
1000 ml beaker. Centrifugation removed the precipitated material, the 
bulk of which was insoluble in water. More acetone was added under the 
same conditions over a period of 1 hr, to increase the acetone concent­
ration of the supernatant to 75$ by volume. The precipitate was removed 
by centrifugation and dissolved in deionized water to produce a pale 
yellow solution, referred to as the acetone fraction.
Step 4, Nineteen and six-tenths g of solid, granular ammon­
ium sulphate was added by sprinkling from a spatula, over a period of 
15 min to 81 ml of the acetone fraction, which was well-stirred magnetic­
ally in a 200 ml beaker. Centrifugation removed the precipitated mat­
erial, the bulk of which was insoluble in water. More ammonium sulphate 
was added under the same conditions over a period of 10 minutes, to in­
crease the ammonium sulphate concentration of the supernatant from 40 
to 60$ saturation. The precipitate was removed by centrifugation and 
dissolved in the minimal amount of deionized water. The pale yellow 
concentrated protein solution is referred to as the ammonium sulphate 
fraction.
Step 5. Three and six-tenths ml of the ammonium sulphate 
fraction was dialysed for 18 hr against 3 changes of deionized water,
A small amount of precipitate was removed by centrifugation.
Step 6, Three and four-tenths ml of the dialysed ammonium
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
60
sulphate fraction was applied to a calcium phosphate-cellulose column 
(20 X 100 ram) prepared according to the method of Massey (177). Elution
was begun with 0.002 M potassium phosphate buffer at pH 7.4 at a flow
2
rate of 1 ml/lO minutes under 5 lb/in nitrogen pressure. Fractions of 
2,0 ml were collected. After the collection of 29 tubes, the eluant was 
replaced with 0,05 M potassium phosphate buffer at pH 7,4, and the same 
elution conditions were restored. A total of 72 tubes was collected, 
the contents of which were colourless.
An integral part of the purification study involved testing 
the various fractions for the presence of other enzyme activities. 
Standard assay methods were used for assay of HPPT (172), CS (93)» MDH 
(63) and GOT (83). The method used for assay of GAD (27) involved the 
prior preparation of a buffered solution of OAA, Equal volumes of an 
aqueous OAA solution (l mg/ml) and 0,1 M potassium phosphate buffer at 
pH 6,60, were mixed at room temperature arxi allowed to stand for at 
least 20 minutes before use. The following quantities of materials were 
placed, in the order given, in a 1,0 cm light path cuvette of 1,0 ml 
working capacity, then thoroughly mixed; 0,1 ml buffered OAA solution, 
0,4 ml HgO and 0,1 ml 10“  ^M MnSOj^ , Three tenths ml of 0,1 M potassium 
phosphate buffer at pH 6,60 were then added, and the contents of the 
cuvette were again mixed. The absorbance decrease at 260 ny was fol­
lowed until it became steady at about 0,001 OD/minute, The final ad­
dition, bringing the volume of the reaction mixture to 1.0 ml, was 0.1 
ml of test protein of the appropriate dilution, A unit of activity of 
OAD is that amount of enzyme which catalyses the disappearance at 260 
ny of 1 pM OAA-Mn^ complex (molar absorbance, 1000) per minute at 30°,
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3) Enzyme Characterization
(a) Kinetic Studies —  Standard laboratory techniques were used
to vary enzyme and substrate concentrations, pH, temperature, etc.
Individual experiments are described in the legends of the appropriate
figures and tables. Notable modifications were made, however, in the
borohydride reduction method of Westheimer fit ai., (178), In a typical
experiment, 0,3 ml of OAT from tube 47 of step 6 of the purification
(0,2 mg protein), 0,3 ml 0,1 M potassium phosphate buffer at pH 5.9 and
0.1 ml water were stirred magnetically in a 15 x 100 mm test tube at 0°,
-2
Then 0,2 ml of ice-cold, KHCO^-neutralized lO” M OAA and 0,1 ml of ice- 
cold 10"^ M NaBH^ in 10"^ M NaOH were added simultaneously from syringes, 
effecting a mixing time of less than 1 second. After a 15 minute stir­
ring period, the samples were diluted 1 part in 10 with deionized water 
and assayed for OAT activity using the MDH-coupled ketonization assay. 
Control assays were performed, with reaction mixtures containing all 
components except OAT,
(b) Enzyme Effectors — - Mapjr of the compounds investigated 
as possible enzyme effectors were adjusted to pH 7.5 by addition of 
small amounts of 5 M HCl and NaOH, This pH adjustment was necessary to 
maintain effective buffering, or at least minimize pH fluctuation of 
the MDH-coupled ketonization assay mixture. Final pH values were rout­
inely measured, and appropriate factors selected from Figure 14 when 
necessary, for the correction of rate data to an appropriate common pH, 
Control assays were performed, with reaction mixtures containing all 
compounds except OAT,
The percentage of the control activity was reported at a single 
concentration of test compound, in most cases where that concentration
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is relatively large in comparison with the substrate concentration, and 
the effect is not a marked one. In some cases, however, it was conven­
ient to express inactivation and activation in terms of Kj^ nact» the 
Molar Inactivation Coefficient and the Molar Activation Coeffici­
ent, which indicate the molar concentration of compouni needed to cause 
a 50$ decrease and a 50$ increase, respectively, in control activity. 
The actual values of K^nact ^act obtained, somewhat approxi­
mately, by extrapolating per cent of control activity values, measured 
at 3 concentrations of effector, to 50$ and 150$ of control activity, 
respectively,
4) Materials
The following materials were commercial preparations; KCl, 
KOH, CoCl2*6H20, ZnCl^, CuClg, HgClg, NaBH^, CaClg, EDTA, FeCl^'éHgO, 
LiCl, NaCN, NaCl, NaOH, Na2HAsO^, CaCO^, Ethyl Acetoacetate, Whatman 
Cellulose Powder CFl, Acetone, Sucrose, Methanol and Lithium metal 
(Fisher Scientific Co, Ltd,); L-Cysteine, ATP, ADP, 3%5*-cyclic AMP, 
HPPT, PCMB, Sodium -Ketoglutarate, GOT, D-L Malic Acid, Sodium Succi­
nate and D-L Sodium Lactate (Sigma Chemical Co,); Sodium Pyruvate (Boeh- 
ringer Mannheim Coi*p,); HCl, K-jPG^  and KHCO^ (Allied Chemical Canada, 
Ltd,); MnClg'^HgO and (^ 2^ )280^ (Mallinckrodt Chemical Works, Ltd,);
A W  (Calbiochem); 1,1,3,3-Tetramethylurea and MnS0^'H20 (Matheson, 
Coleman and Bell); Diethyl-OAA, sodium enolate, Malonic Acid, Maleic 
Acid and lAA (Eastman Organic Chemicals); Boric Acid, Sodium citrate" 
2H2O and TCA (British Drug Houses, Ltd,); Diethyl-OAA, pHPP, Urea, 
L-Glutamic Acid and L-Aspartic Acid (Mann Research Laboratories, Inc,),
Lithium Acetoacetate was prepared according to the method of 
Hall (l?d). The Tricalcium phosphate was prepared according to the
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method of Swingle and Tiselius (180), The tricalcium phosphate-cellulose 
chromatography column was prepared according to the method of Massey 
(177). Protein was determined spectrophotometrically by the method of 
Warburg and Christian (l8l).
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B. RESULTS
1) Enzyme Purification
Of all the animal tissues tested, pork contained the greatest 
amount of OAT activity per unit wet weight (Table I), Among pork tis­
sues, liver has the greatest total activity, followed by kidney, which 
has about three quarters as much. The specific activity of the dialysed 
pork kidney extract, however, is more than double that of the dialysed 
pork liver extract, and is also the highest of all the extracts tested.
OAT was purified about 25O fold from pork kidney by the com­
bination of controlled temperature extraction, heat, acetone and ammon­
ium sulphate fractionation, dialysis and column chromatography (Table
II). Specific activity decreases were accepted at steps 3 and 5 in view 
of the fact that subsequent steps were rendered much more efficient. 
Reasonably good separation of HPPT and OAT was achieved in the column 
chromatography step (Fig. 16 and Table III). Other enzyme activities 
were insignificantly purified, if not actually removed, during the course 
of the purification (Table III). Insignificant amounts of OAT activity 
were found in purified preparations of other enzymes (Fig. 17). Partial­
ly purified preparations of HPPT contained significant amounts of OAT 
activity.
2) Enzymatic Nature of the Catalysis
The rate of OAA ketonization increases linearly with increas­
ing enzyme concentration (Fig. 18). Both the spontaneous and catalysed 
reactions are drastically affected by variation of OAA concentration 
(Fig. 19). Because the increased rates quickly approach the limit of 
accurate measurement, only the initial portion of the hyperbolic curve
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relating net-catalysis to substrate concentration could be obtained. 
Calculated from a Lineweaver-Burk double reciprocal plot, the and 
^max values are 66.3 x 10“6 moles OAA/liter and 7.6 x 10"^ moles OAA/min, 
respectively (Fig. 20).
Two maxima are observed in pH profiles of OAT stability .(Fig. 
21). Purification effects only a slight shift toward lower pH values of 
these maxima. It should be noted that the vertical displacement of the 
two curves is due to the arbitrary choice of the 100$ activity values.
Purified OAT is subject to appreciable activity loss on heat­
ing (Fig. 22). As much as 40$ of the initial activity is lost on warm­
ing to 35° for 10 minutes. Significant acceleration of the rate of 
activity loss with increasing incubation temperature is noted in the 37 
to 50° range.
Bubbling O2 into OAT solutions causes activity loss. The loss 
is increased by incubation (Table IV).
Since there is no inactivation of OAT on treatment with NaBH/j, 
and OAA, using the method of Westheimer et al.(178), the existence of 
an enzyme-substrate Schiff-base intermediate is not indicated (Table V).
3) The Mature of Chemical Effectors
Inactivation or activation of OAT by a chemical compound is 
assessed by its effect on the catalysed reaction rate compared to the 
spontaneous reaction rate with increasing concentration of test compound. 
KCl stimulates the spontaneous rate more than the catalysed rate (Fig. 
23). Divalent cations have a large stimulatory effect on both the spon­
taneous and catalysed rates within a small concentration range (Fig. 24). 
ATP causes OAT inactivation without greatly accelerating the spontan­
eous reaction rate (Fig. 25). The characteristic MgCl2 stimulation
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
66
of spontaneous and catalysed OAA ketonization is progressively antagon­
ized by the presence of increasing amounts of ATP (Fig, 26, Fig. 27 and 
Fig. 28). The ATP inactivation of OAT activity would also appear to be 
relieved by the presence of Mg (Fig. 27, Fig. 28 and Table X).
Metallic salts which inactivate OAT, do so with widely varying 
efficiencies (Table VI). CaClg, C0CI2 and MnCl2 activate OAT (Table VII), 
The activating effect of MnCl2 can be reversed by chelation with EDTA, 
and the marked inactivation due to HgCl2 and PCMB can be significantly 
lessened by the presence of L-cysteine in ten-fold excesses (Table VIII).
OAT inactivation by OAA structural analogs is generally quite 
moderate, with the notable exception of Diethyl-OAA and Diethyl-OAA, 
sodium enolate (Table IX). In addition to ATP, the adenine nucleotides 
AMP, 3'»5*-cyclic AMP and ADP have an appreciable OAT-lnactivating eff­
ect (Table X). Inhibitors and denaturing agents, with the exception of 
urea, have a rather moderate OAT inactivating effect (Table XI).
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
67
Table I, Distribution of OAA keto-enol tautomerase. The un­
buffered assay procedure was used. The reported values were obtained by 
interpolating the observed rate data to pH 8.0. All tissues were extrac­
ted in 4 volumes of 0.1 M potassium phosphate buffer at pH 7.4 per unit 
wet weight of tissue. The duration of extraction was 4 to 5 minutes, in 
order to allow the contents of the Waring blendor to warm from 3 to 19°. 
The extracts were centrifuged at 30,000 x g for 20 minutes, then exhaust­
ively dialysed for 18 hr against 3 changes of deionized water. A unit of 
enzyme activity is defined as that amount of enzyme which catalyses the 
appearance at 260 mp of 1 pM enol-OAA per min at 25°.
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Table II, Purification of OAA keto-enol tautomerase. Details 
of each of the purification steps can be found in the EXPERIMENTAL sect­
ion of this chapter. The MDH-coupled ketonization assay was used. Each 
reaction mixture consisted of 10.6? mM potassium phosphate buffer at pH 
7.4, 0.17 mM NADH, 0.46 pg/ral MDH, 0.033 mg/ml bovine serum albumin, an 
appropriate amount of test protein, 33 pM OAA and water in a total vol­
ume of 3.0 ml.
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Fig. 16. Column chromatographic separation of OAT and HPPT. 
Three and four-tenths ml of a dialysed 40-60$ (NH2^ )2S0ji^  fraction from 
step 5 of the purification, having a total activity of 53.2 units and a 
specific activity of 0.939 units/mg protein, was applied to a calcium 
phosphate-cellulose column (20 x 100 mm) prepared according to the method 
of Massey (177). Elution was begun with 0.002 M potassium phosphate buf- 
fer at pH 7.4 at a flow rate of 1 ml/lO minutes under 5 lb/in nitrogen 
pressure. Fractions of 2.0 ml were collected. After the collection of 
29 tubes, the eluant was replaced with O.O5 M potassium phosphate buffer 
at pH 7.4, and the same elution conditions were restored. The MDH- 
coupled assay was used for OAT activity determination. The method of 
Constansas and Knox (172) was used, with p-hydroxyphenyl pyruvic acid as 
the substrate, for assay of HPPT activity. Protein was determined spec­
trophotometrically by the method of Warburg and Christian (I8I).
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Table III, Separation of OAA keto-enol tautomerase from other 
enzyme activities. The various enzyme activities were determined by 
standard assay methods. The units of HPPT activity are tabulated as 
units, as explained by Constansas and Knox (172), The method of Srere 
and Kosicki (93) was used for citrate synthase, a unit of activity being 
that amount of enzyme which catalyses the disappearance at 233 mp of 1 
pM acetyl-CoA per minute at 25°, For MDH, MDH-coupled ketonization of 
OAA and GOT assays, a unit of activity was taken to be that amount of 
enzyme which catalyses the disappearance at 3^0 mp of IjdM NADH per min­
ute at 25°* No activity was detected in any of the fractions using the 
method of assay for OAD to be published by Kosicki and Westheimer, and 
which is described in the EXPERIMENTAL section of this chapter.
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Fig. 17. OAA keto-enol tautomerase activity in various enzyme 
preparations. The MDH-coupled ketonization assay was used. Each react­
ion mixture consisted of 10,67 mM potassium phosphate buffer at pH 7.4, 
0,17 mM NADH, 0,46 pg/ml MDH, 0,033 mg/ml bovine serum albumin, an ap­
propriate amount of test protein, 33 ;nM OAA and water in a total volume 
of 3.0 ml. The various enzymes were confirmed to be active preparations, 
by assay in their respective systems. Most of the enzyme preparations 
were dialysed, or contained very low buffer concentrations. Control re­
actions with boiled enzyme solutions were necessary with the HPPT, OS and 
GOT preparations. The enzymes tested were as follows: ( □ ), OAT from 
tube 45 of step 6 of the purification; ( & ), HPPT, grade I; ( • ), a 
pork kidney extract, prepared as described in step 1 of the purification 
and exhaustively dialysed for 18 hr against 3 changes of deionized 
water; ( ■ ), HPPT, grade II; ( a ), OS; ( O ), BSA, No OAT activity 
was detected in preparations of GOT, MDH, exhaustively dialysed against 
deionized water, or OAD, dialysed against 0,01 M potassium phosphate 
buffer at pH 6,6, All enzymes were commercial preparations, with the 
exception of tube 45 OAT, the dialysed pork kidney extract and OAD, OAD 
was prepared by G. W, Kosicki, in the laboratory of F. H, Westheimer at 
Harvard University,
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Fig. 18. Catalysis of OAA ketonization as a function of enzyme 
concentration. The MDH-coupled ketonization assay was used. Each react­
ion mixture consisted of 10.6? mM potassium phosphate buffer at pH 7.4, 
0.17 mM NADH, 0.46 pg/ml MDH, 0.033 mg/ml bovine serum albumin, an ap­
propriate amount of OAT from tube 45 of step 6 of the purification, 33 
>iM OAA and water in a total volume of 3*0 ml.
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Fig, 19. Effect of substrate concentration on spontaneous and 
catalysed MDH-coupled OAA ketonization. Each spontaneous reaction mix­
ture, ( O ), consisted of 10,67 mM potassium phosphate buffer at pH 7.4, 
0.17 mM NADH, 0.46 pg/ml MDH, 0,033 mg/ml bovine serum albumin, the ap­
propriate amount of OAA and water in a total volume of 3»0 ml. Each 
catalysed reaction mixture, ( • ), also included 0,84 pg protein/ml of 
OAT from tube 45 of step 6 of the purification.
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Fig, 20, Double reciprocal plot of the effect of substrate 
concentration on catalysed MDH-coupled OAA ketonization. Values of T, 
representing the net enzymatic catalysis of the reaction, were derived 
from the data in Fig, 19, Values of = 66,3 pmoles OAA/liter and 
Vjiax = 7,6 itgjraoles OAA/min were calculated in the usual manner from 
slope and intercept values.
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Fig, 21, pH profiles of OAA keto-enol tautomerase stability. 
The MDH-coupled ketonization assay was used. Each reaction mixture con­
sisted of 10,67 mM potassium phosphate buffer at pH 7,4, 0,17 mM NADH, 
0,46 pg/ml MDH, 0,033 mg/ml bovine serum albumin, an appropriate amount 
of treated test protein, 33 pM OAA and water in a total volume of 3.0 ml. 
Aliquots of 0,9 ml of a stock 3/IOO dilution of test protein were incu­
bated in an ice bath for 10 minutes with 0,1 ml of 0,1 M potassium phos­
phate solutions ranging in pH from 1,8 to 11,3» obtained by appropriate 
combinations of 0,1 M H^PO^, KHgPO^, K2HP0j^  ^and KOH, After the approp­
riate aliquot was removed and added to the assay mixture, the remainder 
of the treated test protein solution was allowed to warm to room temper­
ature for measurement of pH. The protein sources used were ( • ), OAT 
from tube 46 of step 6 of the purification and ( O ), fresh pork kidney 
extract, prepared as described in step 1 of the purification. 0,3 and 
0,1 ml aliquots of treated protein solutions were assayed, respectively. 
The activity of the dialysed extract at pH 7.62 was designated as the 
100$ value. The maximal activity of OAT from tube number 46 at pH 7,58 
was designated as the 100$ value.
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Fig, 22. Effect of temperature on OAA keto-enol tautomerase 
stability. The MDH-coupled ketonization assay was used. Each reaction 
mixture consisted of 10,67 mM potassium phosphate buffer at pH 7,4, 0,17 
mM NADH, 0,46 pg/ml MDH, 0,033 mg/ml bovine serum albumin, 0,3 ml of an 
appropriately treated 3/lOO dilution of OAT from tube 46 of step 6 of 
the purification (final concentration, 2,35 protein/ml), 33 pM OAA 
and water in a total volume of 3.0 ml. Two ml aliquots of the ice-cold 
stock 3/100 dilution of tube 45 OAT were incubated in test tubes in 
thermostated water baths at the appropriate temperatures. After 10 min­
ute incubation periods, the tubes were returned to the ice bath and as­
sayed for activity no later than 15 minutes after their respective in­
cubation periods.
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Table IV. Sensitivity of OAA keto-enol tautomerase to mild 
dénaturation. One ml aliquots of a 3/IOO dilution of enzyme from tube 
46 of step 6 of the purification were treated as indicated, then assayed 
using the MDH-coupled ketonization assay. Each reaction mixture consis­
ted of 10.67 mM potassium phosphate buffer at pH 7.4, 0.17 mM NADH, 0.46 
pg/ml MDH, 0.033 mg/ml bovine serum albumin, 2.35 Pg protein/ml from 
tube 46, 33 OAA and water in a total volume of 3*0 ml.
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Table IV
Sensitivity of OAA Keto-Enol Tautomerase to Mild Dénaturation
Treatment of Enzyme Per Cent of 
Control ActivityIncubation °C Duration
Control 0.0 8 hr 98.4
Control 23.0 10 min 64.7
Control 23.0 4 hr 45 .9
Bubbling O2 0.0 10 min 42.4
Bubbling O2 0.0 2 hr 18.8
Bubbling O2 23.0 10 min 17.7
Bubbling O2 23.0 2 hr 12.9
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Table V, Effect of sodium borohydride on the enzyme-substrate 
conqslex. The conditions of borohydride reduction were similar to those 
of Westheimer et al.(178). Details of the reduction experiment are to 
be found in the EXPERIMENTAL section of this chapter. A typical reduct­
ion mixture (3rd entry in the table) consisted of 0.20 mg protein/ml from 
tube 47 of step 6 of the purification, 0.03 M potassium phosphate buffer 
at pH 5*9, 1.0 mM NaBH^, 0,1 mM NaOH and 2.0 mM OAA in a total volume of 
1.0 ml. Following reduction, the enzyme was assayed using the MDH- 
coupled ketonization assay.
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Table V
Effect of Sodium Borohydride on the Enzyme-Substrate Complex
Additions to Enzyme Per Cent of Untreated 
Enzyme Activity
NaBH^ 86.7
OAA 93.3
OAA + NaBH^ 113.3
OAA + doubled
quantity of NaBH^ 116.7
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Fig. 23. Effect of KCl concentration on spontaneous and cata­
lysed MDH-coupled OAA ketonization. For the spontaneous reaction ( • ), 
each mixture consisted of 10.6? mM potassium phosphate buffer at pH 7.4, 
0.17 mM NADH, 0.46 pg/ml MDH, 0.033 mg/ml bovine serum albumin, an ap­
propriate amount of 0.3 M KCl solution previously adjusted to pH 7.5 
using small amounts of 5 M HCl and NaOH, 33 pM OAA and water in a total 
volume of 3.0 ml. For the catalysed reaction ( O ), each mixture also 
included 0.1 ml of a 3/IOO dilution of OAT from tube 45 of step 6 of the 
purification (final concentration, 0.84 pg protein/ml).
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Fig. 24, Effect of MgCl^ concentration on spontaneous and cata­
lysed MDH-coupled OAA ketonization. For the spontaneous reaction ( • ), 
each mixture consisted of 10.67 mM potassium phosphate buffer at pH 7.4, 
0.17 mM NADH, 0.46 pg/ral MDH, 0.033 mg/ml bovine serum albumin, an ap­
propriate amount of 3 x 10"^ M MgCl^, 33 pM OAA and water in a total vol­
ume of 3.0 ml. For the catalysed reaction ( O ), each mixture also in­
cluded 0.1 ml of a 3/100 dilution of OAT from tube 45 of step 6 of the 
purification (final concentration, 0.84 pg protein/ml).
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Fig. 25. Effect of ATP concentration on spontaneous and cata­
lysed MDH-coupled OAA ketonization. For the spontaneous reaction ( • ), 
each mixture consisted of 10.67 mM potassium phosphate buffer at pH 7.4, 
0.17 mM NADH, 0.46 ;ig/ml MDH, 0.033 mg/ml bovine serum albumin, an app­
ropriate amount of O.O3 M ATP adjusted to pH 7.5 using small amounts of 
5 M HCl and NaOH, 33 pM OAA and water in a total volume of 3*0 ml. For 
the catalysed reaction ( O ), each mixture also included 0.1 ml of a 
3/100 dilution of OAT from tube 45 of step 6 of the purification (final 
concentration, 0.84 pg protein/ml).
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Fig, 26, Effect of MgClg concentration on spontaneous and cat­
alysed MDH-coupled OAA ketonization at low ATP concentration. For the 
spontaneous reaction ( • ), each mixture consisted of 10.67 mM potassium 
phosphate buffer at pH 7.4, 0.17 mM NADH, 0.46 pg/ml MDH, 0.033 mg/ml 
bovine serum albumin, 10"^ M ATP previously adjusted to pH 7.5 using 
small amounts of 5 M HCl and NaOH, an appropriate amount of 3 % lO" M 
MgCl2, 33 >iM OAA and water in a total volume of 3.0 ml. For the cata­
lysed reaction ( o ), each mixture also included 0.1 ml of a 3/IOO dilu­
tion of OAT from tube 4$ of step 6 of the purification (final concen­
tration, 0.84 ;ig protein/ml).
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Fig. 27. Effect of MgClg concentration on spontaneous and 
catalysed MDH-coupled OAA ketonization at relatively high ATP concen­
tration. For the spontaneous reaction ( • ), each mixture consisted of 
10.67 mM potassium phosphate buffer at pH 7.4, 0.17 mM NADH, 0.46 pg/ml 
MDH, 0.033 mg/ml bovine serum albumin, 10“^ M ATP previously adjusted 
to pH 7 .5 using small amounts of 5 M HCl and NaOH, an appropriate amount 
of 3 X 10"^ M MgCl2, 33 pM OAA and water in a total volume of 3*0 ml.
For the catalysed reaction ( O ), each mixture also included 0.1 ml of 
a 3/100 dilution of OAT from tube 45 of step 6 of the purification (fin­
al concentration, 0,84 pg protein/ml).
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Fig. 28, Effect of MgCl2 concentration on spontaneous and cat­
alysed MDH-coupled OAA ketonization at high ATP concentration. For the 
spontaneous reaction ( # ), each mixture consisted of 10,67 mM potassium 
phosphate buffer at pH 7,4, 0,17 mM NADH, 0,46 pg/ml MDH, 0,033 mg/ml 
bovine serum albumin, 4 x 10“  ^M ATP previously adjusted to pH 7,5 using 
small amounts of 5 M HCl and NaOH, an appropriate amount of 3 x lO”  ^M 
MgCl2» 33 pM OAA and water in a total volume of 3.0 ml. For the cata­
lysed reaction ( o ) each mixture also included 0,1 ml of a 3/IOO dilut­
ion of OAT from tube 45 of step 6 of the purification (final concentrat­
ion, 0,84 pg protein/ml).
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Table VI. Inactivation of OAA keto-enol tautomerase by metal­
lic salts. The Molar Inactivation Coefficient, K^nact» expresses the 
extent of inactivation, by indicating the molar concentration of metal­
lic salt needed to cause a decrease in control enzyme activity. The 
MDH-coupled ketonization assay was used. Each reaction mixture consisted 
of 10,67 mM potassium phosphate buffer at pH 7.4, 0,17 mM NADH, 0,46 
pg/ml MDH, 0,033 mg/ml bovine serum albumin, appropriate amounts of OAA 
keto-enol tautomerase and metallic salt, 33 OAA and water in a total 
volume of 3*0 ml, OAA keto-enol tautomerase from tube 4$ of step 6 of 
the purification was used, the final concentration being 1,68 ;ig protein 
/ml, except in experiments indicated by *, in which case enzyme from 
tube 48 was used, the final concentration being 2,37 pg protein/ml,
LiCl and NaCl stock solutions were adjusted to pH 7.5» using small 
amounts of 5 M HCl and NaOH, HgClg was not included in the pre-incu- 
bation mixture, as were the other metallic salts, but was added 30 
seconds before the start of the assay, in order to minimize inactivat­
ion of MDH,
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Table VI
Inactivation of OAA Keto-Enol Tautomerase by Metallic Salts
Metallic Salt
Molar Inactivation 
Coefficient, %nact
M
LiCl 7.3 X 10-2 *
NaCl 4.2 X 10-2 *
KCl 11.1 X 10-2
CuCl2 6.7 X iO-6 *
MgClg 82.0 X 10-6
HgClg 0.39 X 10-6
ZnClg 18.0 X 10-6 *
FeClg 2.1 X 10-3
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Table VII. Activation of OAA keto-enol tautomerase by metal­
lic salts. The Molar Activation Coefficient, Kggt* expresses the degree 
of activation, indicating the molar concentration of metallic salt need­
ed to cause a 50$ increase in control enzyme activity. The MDH-coupled 
ketonization assay was used. Each reaction mixture consisted of 10.6? 
mM potassium phosphate buffer at pH 7.4, 0.17 mM NADH, 0.46 pg/ml MDH, 
0.033 mg/ml bovine serum albumin, appropriate amounts of OAA keto-enol 
tautomerase and metallic salt, 33 pM OAA and water in a total volume of 
3.0 ml. OAA keto-enol tautomerase from tube 45 of step 6 of the puri­
fication was used, the final concentration being 1.68 pg protein/ml, 
except in the experiment with CoClg, where enzyme from tube 48 was used, 
the final concentration being 2.37 pg protein/ml.
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Table VII
Activation of OAA Keto-Enol Tautomerase by Metallic Salts
Molar Activation
Metallic Salt Coefficient,
M X 10^
CaClg 2.8
CoClg 0.19 *
MnClg 1.0
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Table VIII. Protection of OAA keto-enol tautomerase against 
activation and inactivation. The MDH-coupled ketonization assay was 
used. Each reaction mixture consisted of 10.6? mM potassium phosphate 
buffer at pH 7.4, 0.17 mM NADH, 0.46 pg/ml MDH, 0.033 mg/ml bovine serum 
albumin, 1.68 pg protein/ml OAA keto-enol tautomerase from tube 45 of 
step 6 of the purification, an appropriate amount of inhibitor or acti­
vator, 33 pM OAA and water in a total volume of 3»0 ml, EDTA was ad­
justed to pH 7.5 using small amounts of 5 M HCl and NaOH. Where two 
substances were tested, the one first entered in the table was included 
in the pre-incubation mixture; the second was added 30 seconds before 
the start of the assay.
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Table VIII
Protection of OAA Keto-Enol Tautomerase 
Against Activation and Inactivation
Chemical Agent Concentration
M X io3
Per Cent of 
Control Activity
MnClg 0.04 137.0
EDTA 1.0 103.7
MnClg (0.04 X 10"3 m ) + EDTA 1.0 122.2
EDTA + MnClg (0.04 x 10’3 M) 1.0 40.7
HgClg 0.001 16.1
L-cysteine 0.01 94.0
L-cysteine + HgClg (3 x ICT^ M) 0.01 80.7
PCMB 0.1 24.0
L-cysteine + PCMB (0.4 x 10“3 m ) 1.0 76.0
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Table IX, Inactivation of OAA keto-enol tautomerase by OAA 
structural analogs. The MDH-coupled ketonization assay was used. Each 
reaction mixture consisted of 10.6? mM potassium phosphate buffer at pH 
7.4, 0.17 mM NADH, 0.46 pg/ml MDH, 0.033 mg/ml bovine serum albumin, 
appropriate amounts of OAA keto-enol tautomerase and test compound, 33 
pM OAA and water in a total volume of 3.0 ml. OAA keto-enol tautomerase 
from tube 45 of step 6 of the purification was used, the final concen­
tration being 1,68 pg protein/ml, except in experiments indicated by *, 
in which case enzyme from tube 48 was used, the final concentration 
being 2.37 Pg protein/ml. All stock solutions of test compounds were 
adjusted to pH 7.5 using small amounts of 5 M HCl and NaOH.
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Table IX
Inactivation of OAA Keto-Enol Tautomerase by OAA Structural Analogs
Compound Concentration 
M X 103
Per Cent of 
Control Activity
Sodium Citrate 10.0 57.6 *
Sodium «< -Ketoglutarate 10.0 34.1
Ethyl Acetoacetate 10.0 74.1
Lithium Acetoacetate 10.0 70.4
D-L Malic Acid Î0.0 39.4 *
Sodium Succinate 10.0 48.5 *
Maleic Acid 10.0 79.6
Dietl^l OAA 1.0 11.1
Diethyl OAA, sodium enolate 1.0 18.5
Malonic Acid 10.0 42.4 *
Sodium Pyruvate 10.0 66.7 *
D-L Sodium Lactate 10.0 30.3
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Table X. Inactivation of OAA keto-enol tautomerase by nucleo­
tides, The MDH-coupled ketonization assay was used. Each reaction mix­
ture consisted of 10.6? mM potassium phosphate buffer at pH 7.4, 0.17 mM 
NADH, 0.46 pg/ml MDH, 0.033 mg/ml bovine serum albumin, appropriate 
amounts of OAA keto-enol tautomerase and nucleotide, 33 pM OAA and water 
in a total volume of 3.0 ml. OAA keto-enol tautomerase from tube 45 of 
step 6 of the purification was used. The final concentration was 1.68 
pg protein/ml, except in experiments indicated by *, in which case en­
zyme from tube 48 was used, the final concentration being 2.37 pg pro­
tein/ml. All stock solutions of nucleotides were adjusted to pH 7.5 
using small amounts of 5 M HCl and NaOH.
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Table X
Inactivation of OAA Keto-Enol Tautoinerase by Nucleotides
Nucleotide Concentration 
M X  1q5
Per Cent of 
Control Activity
AMP 1.0 67.6 *
3'»5*-cyclic AMP 1.0 64.9 *
ADP 1.0 46.0 *
ATP 1.0 8 8 . 8
ATP + MgClg (1.0 X 10-^ M) 1.0 106.9
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Table XI, Inactivation of OAA keto-enol tautomerase by mis­
cellaneous inhibitors. The MDH-coupled ketonization assay was used.
Each reaction mixture consisted of 10,67 mM potassium phosphate buffer at 
pH 7.4, 0.17 mM NADH, 0,46 pg/ml MDH, 0.033 mg/ml bovine serum albumin, 
1.68 pg protein/ml OAA keto-enol tautomerase from tube 45 of step 6 of 
the purification, an appropriate amount of inhibitor, 33 ^  OAA and water 
in a total volume of 3.0 ml. Stock solutions of NagHAsO^, NaCN, lAA and 
TCA were adjusted to pH 7.5 using small amounts of 5 M HCl and NaOH. In 
the experiments with urea and 1,1,3,3-tetramethylurea, an entirely dif­
ferent procedure was followed. Concentrated protein solutions from tube 
44 of step 6 of the purification were incubated in equal volumes of 8.3 
urea and 1,1,3,3-tetramethylurea for 5 minutes at 25°, then diluted and 
assayed as normal. The final concentration of tube 44 protein was 2.92 
pg/ml.
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Table XI
Inactivation of OAA Keto-Enol Tautomerase by Miscellaneous Inhibitors
Compound Concentration 
M X  103
Per Cent of 
Control Activity
NagHAsOp 10.0 43 .5
NaCN 10.0 69.6
lodoacetic Acid 10.0 81.8
Trichloroacetic Acid 10.0 5 6 . 8
Urea 2 5 . 2 5.3
1,1,3» 3-Tetramethylurea 2 5 . 2 1 1 0 . 5
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CHAPTER III 
DISCUSSION
OAT is found most abundantly in mammalian systems, to lesser 
extents in avian systems and even less in bacterial and plant systems. 
This trend is probably a reflection of the more complex systems of met­
abolism and their control in the higher forms of life. Many classes of 
life are not represented in this study, because the selection of a suit­
able tissue for purification of the enzyme was the immediate purpose. 
Both total and specific activities were taker into account in selecting 
pork kidney for use in the purification studies.
The 250-fold purification of OAT from pork kidney in six 
steps is regarded as a partial purification, which could most likely be 
improved by re-chromatography of the purest step 6 fractions and crys­
tallization. The fraction ivith the highest turnover number (500) was 
tube 42 of step 6. This is regarded as the highest nurity of OAT yet 
obtained. Our previous report (See APPENDIX II) (l?4) of the partial 
purification of the beef liver enzyme indicated a 3,700-fold purificat­
ion, yielding a preparation with a turnover number of 170.
Most of the common OAA-utilizing enzymes (OS, MDH, GOT and 
OAD) and HPPT, were significantly removed in the course of the purifi­
cation. GOT was the enzyme least satisfactorily separated in the 
chromatography step, and the only enzyme which underwent a net enrich­
ment. This is not surprising, however, as GOT purification methods 
(79 - 83) bear some similarity to the OAT purification scheme. The
115
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lack of oarallel purification of any of these enzymes, together with 
the lack of their ability to catalyse OAA ketonization when purified, 
suggests that OAT is a unique enzyme.
All of the kinetic studies of OAT indicate that the nature of 
the catalysis of the tautomerization is truly enzymatic. High dilution 
of purified fractions of the enzyme is imperative, if rates are to be 
slow enough to measure. The same total absorbance change is noted in 
enolization reactions followed to completion, whether uncatalysed or 
catalysed (See APPENDIX II) (174). The same characteristic is routinely 
observed in the MDH-coupled ketonization system. The linear activity vs 
protein concentration relationship, with no apparent plateau being ap­
proached, is typical of a purified enzyme system. The net catalysis as 
a function of OAA concentration is typically hyperbolic, and suggestive 
of the approach of saturation of all the active sites on the enzyme.
Maxima in pH profiles of OAT stability are primarily due to 
dissociations of groups within the protein which alter the nature of the 
active sites. The slicht shift of these maxima toward lower pH values 
on purification of the enzyme, suggests that the enzyme is only slightly 
modified by the purification procedure.
OAT activity in both dialysed pork kidney extracts and puri­
fied fractions remains essentially constant over the nH range, 6 to 8 
(Fig. 14). This is in contrast to the case of HPPT, which, in crude ex­
tracts has relatively higher activity at alkaline than acid pH, but 
which changes with purification to a flat pH-activity curve (172). The 
possibility that a separate 'alkaline HPPT* is removed on purification 
could not be supported on the basis of substrate specificity studies 
(172). Although no particularly unusual pH-activity effects are
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apparent, the possibility can never be overlooked that more than one 
enzyme having OAT activity exists.
Although OAT is appreciably thermolabile and susceptible to 
mild dénaturation, a self-protection system is indicated by the some­
what sigmoid shape of the heat stability curve (Fig. 22). Presumably, 
heating of the enzyme for short periods below 35° is not sufficient to 
cause complete and irreversible dénaturation to occur. The possibility 
of partial re-naturation, which retards the rate of dénaturation, is 
indicated. At higher temperatures, enough energy would seem to be 
available to cause irreversible dénaturation through wide-spread bond 
cleavage. It is interesting that OAT in the early stages of its puri­
fication, had to endure a rather severe heat treatment (59° for 10 min­
utes) to effect the removal of much extraneous protein with a relatively 
small loss of total units (Table II). Presumably, some protection ag­
ainst heat dénaturation was afforded by other materials which were 
removed in later stares of the purification. Plans for further study 
of OAT include the search for methods of stabilizing the enzyme against 
various kinds of activity loss.
The general method of borohydride reduction of Schiff-base 
salts between enzymes and substrates, with resultant inactivation of the 
enzyme (185), has been successfully applied in enzyme mechanism studies 
(178,186,187,188). No inactivation of OAT on treatment with NaBH^ and 
OAA using the method of Westheimer et al.(178), indicates that the form­
ation of an enzyme-substrate Schiff-base intermediate is not an essent­
ial step in the mechanism of enzyme catalysed OAA keto-enol tautomeriz­
ation.
The study of the effect of various chemical agents on the
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rates of spontaneous and catalysed OAA ketonization must be regarded as 
preliminary to inhibition and activation studies. It is at least pos­
sible to gain some insight into the mechanism of action of OAT, as imp­
licated by the observed trends.
Spontaneous ketonization rates are increased in the case of 
every effector tested. Most of the increases are quite nominal, i.e., 
relatively small in terms of the concentration of material added, and 
suggestive of no direct participation in the reaction. The divalent 
metal cations have a marked stimulatory effect, however, which can be 
attributed to their known ability to form OAA chelates with 5- and 6- 
membered rings (I65).
Metal-ion inactivation of OAT would seem to be a rather com­
plex situation, since some divalent cations are most efficient inacti­
vators, while others are activators. The involvement of the metal ion 
with OAA could have some bearing on the role of OAA as principal sub­
strate of the reaction. The activating ability of Co**^  suggests that 
Vitamin Bj^ 2 "lay be an important i^ vivo cofactor. Chelation of Mg"*^  
with the polyphosphate moity of ATP could account for the decreased Mg 
stimulation of spontaneous and catalysed ketonization. The Mn"^ chelate 
of EDTA would appear to be an inactivator of OAT. The reversal with L- 
cysteine of the PCMB and HgClg inactivations suggests that a sulphydryl 
group on the enzyme is required for its activity.
OAT has demonstrated some degree of substrate specificity, 
since it is only moderately inactivated by OAA structural analogs. In­
deed, only the OAA derivatives showed an appreciable inactivation, pre­
sumably due to competition with OAA for the active sites on the enzyme.
The appreciable nucleotide inhibition of OAT will undoubtedly
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be an interesting topic for further investigation, in view of the impli­
cation of interrelationships in metabolic control processes
Urea causes enzyme dénaturation by destruction of the tertiary 
structure of the protein. A fruitful exoeriment in the further study of 
OAT structure-function relationships could be enzyme activity as a func­
tion of the urea-induced exposure of sulphydryl groups.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
SUMMARY
Four assay methods (designated Tr, Pa, Pb and Ub), suitable 
for spectrophotoraetrically following the spontaneous and enzymatic enol­
ization of OAA, were described and compared. Temperature perturbation 
of OAA equilibria was investigated as a possible assay method for OAA 
keto-enol tautomerization. MDH- and CS-coupled assays for OAA ketoni­
zation were characterized and compared. These investigations have led 
to the following conclusions:
1) Those enolization assays which are most sensitive in their detection 
of tautomerase activity (Tr and Pa) are also most sensitive to pH and 
ammonium sulphate concentration changes.
2) Tr and Pa are the most generally useful of the enolization assays 
investigated.
3) Heating and cooling cause changes in the 260 ngi and 215 «91 absorb­
ances of OAA solutions initially in states of keto-enol equilibrium in 
the pH range 2 to 7. The changes are suggested to be due to shifts 
within a complex system of equilibria involving the fully protonated 
tautomers of OAA, their monoanions and dianions, and pyruvate, produced 
by OAA decarboiqrlation.
4) Coupled OAA ketonization assays exhibit first order behaviour as 
the possibility of consecutive and competing reactions is eliminated.
5) The MDH-coupled assay is more suitable than the CS-coupled assay 
which is less accurate in its detection of low levels of enzyme activity.
In view of the fact that OAA occupies a central role in
120
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metabolic processes and their control, an investigation of the enzymol- 
ogy of OAA tautomerization was considered important. So far this study 
has produced the following data:
1. A procedure for the partial purification of OAT from pork kidney in­
volved extraction, heat, acetone and ammonium sulphate fractionations, 
dialysis and column chromatography. The enzyme was purified 250-fold 
and had a turnover number of 500.
2. Several OAA-utilizing enzymes were satisfactorily separated from OAT 
in the course of the purification. Lack of OAT activity in purified
preparations of these enzymes suggests that OAT is a unique enzyme.
3. The catalysis of OAA tautomerization is deemed to be truly enzymatic 
on the basis of typically enzymatic kinetic behaviour such as high dilu­
tion requirements, linear activity vs protein concentration and hyper­
bolic activity vs substrate concentration relationships.
4. pH-stability studies may indicate only slight modification of OAT in 
the course of its purification.
5. Neither dialysed pork kidney extracts nor purified OAT fractions ex­
hibit pH activation in the pH range 6 to 8.
6. The thermolability of OAT is apparently due to the loss of protect­
ive agents in later stages of purification of the enzyme.
7. The formation of an enzyme-substrate Schiff's base intermediate is
not an essential step in the mechanism of action of OAT. Sulphydrl
groups on the enzyme would seem to be required for its activity.
8. Some divalent metal ions activate and some inactivate OAT while ap­
parently being involved in stimulation of the spontaneous reaction.
9. Some degree of substrate specificity is indicated by the relatively 
small inactivation of OAT by OAA structural analogs, except for OAA
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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derivatives,
10. The inactivations of OAT by adenine nucleotides and urea are of 
interest in that their further study should yield useful information 
about the role of OAT and its structure-function relationships.
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APPENDIX II 
PRELIMINARY PUBLICATION
NOTES 1887
ENZYMATIC ENOLIZATION OF OXALACETIC ACID'
R. G. A n NETT AND G. W . K osicki
Oxalacetic acid in aqueous solutions between pH 5 and pH 10 exists as the 
tautomeric equilibrium m ixture of the enol and the keto forms of the acid 
anions (1). In  this pH range the enol form makes up about 10% of the mixture, 
as determined by nuclear magnetic resonance (2) and by the to ta l 260 m^t 
absorption of the equilibrated acid in various aqueous-alcohol solutions extrap­
olated to water (3). The equilibrium  value is calculated from the to ta l 260 m^ c 
absorption by assuming tha t the keto absorption is negligible and using a molar 
absorbtiv ity of 8.7 X  10* for the enol. A  value of 15% enol has been calculated 
from 280 mu absorptions (4) and kinetic measurements (5), and the molar 
absorbtiv ity (280 m/x) of 3.6 X  10* for the enol form.
Both the enolization and ketonization reactions which establish this equilib­
rium  are catalyzed by acid, base, buffers, and metal ions (1, 4). In  neutral 
solutions (pH 7 to 8) of low ionic strength the rate of enolization is sufficiently 
slow to be measured at room temperature (1) ; this is in contrast to the rate of 
ketonization, which is too fast to be followed a t room temperature and must be 
measured a t 2 °C (4, 5). In  the neutral salt medium of the cell the rate of oxal- 
acetate turnover by enolization and ketonization is estimated to be slower than 
the rate of oxalacetate turnover by its many enzymatically catalyzed reactions, 
such as conversion in to  citrate by citrate-condensing enzyme.
So far, the keto form of the acid has been found to be the active substrate 
in enzymatic reactions, for example, in wheat germ and pig heart malate 
dehydrogenase (6, 7) and in citrate-condensing enzyme systems (8). In  wheat 
germ, in avian liver phosphorylenol pyruvate carboxylase (7, 9), and in  citrate 
lyase reactions (5) the product has been shown to be the keto form of oxal­
acetate.
In  this note we report the preparation and partia l purification from beef 
liver of an enzyme which catalyzes the enolization of oxalacetic acid (oxal­
acetate keto-enol isomerase). The assay is sim ilar to tha t reported previously 
for following deuterium isotope rate effects during the acid- and base-catalyzed 
enolization of oxalacetate (1). I t  consists of following the increase in absorption 
a t 260 m/x as an aqueous solution of oxalacetic acid (pH 3, 5.5% enol) is added 
to 0.002 M  potassium phosphate, pH 8.32, w ith  a final concentration of oxal­
acetate of 10~  ^ M. These conditions represent the slowest spontaneous rate of 
enolization that could be obtained reproducibly. Variation of pH within the  
range of pH 7.5 to 8.5 has lit t le  effect on the observed rate of absorption increase. 
Addition of the purified beef liver protein increases the rate of change of absorp­
tion at 260 m#x, but does not affect the maximum absorption reached (i.e. the 
equilibrium value), indicating tha t i t  is the enolization reaction tha t is being 
observed (Table I) . Spontaneous decarboxylation of the oxalacetate does occur,
'The financial support of the National Research Council of Canada is gratefully acknowledged. 
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TABLE I 
Spontaneous and enzymatic enolization
Expt.
a
Protein
(mg/ml)
b
Initial 
velocity 
(A4 i/minute)
Total 
absorbance 
increase 
(260 mp)
d
Equilibration 
[enol] 
(moles/liter 
X 10«)
e
[Oxalacetic 
acid] 
(mole/liter 
X 10')
Minutes 
after which 
c and e were 
measured
1 0 0.722 0
0 0.0047 0.063 7.45 0.656* 120
1.7X10-' 0.0074 0.063 7.45 0.728 60
2 0 — — — 0.669 0
9.0X10-2 > 0 .5 0.046 5.38 0.666 ^'2
♦Indicates some loss of oxalacetic acid by decarboxylation before the  assay.
(a) The added protein was the  partially  purified beef liver protein taken  from the dialyzed concentrate of step 5, 
Table I. Each cuvette (1.0 cm light path) contained 0.002 M  potassium phosphate, pH 8.32. A stock aqueous solution 
(10 ml) of 10”* M  oxalacetic acid (pH 3), stored a t  0 °C u n til used, was added la s t to  th e  cuvette  a t  25 °C; final 
volume, 1.0 ml.
(b) The initial ra tes  were measured (260 m**) w ith a  Gilford absorbance recorder model 2000 equipped w ith a 
Beckman DU  monochromator. The expanded absorbance scale of this model records an  optical density change of 
0.1000 A  on a  12-inch tracing record w ith a  machine noice under 0.0002 A .
(c) Absorbance increase was measured afte r apparen t equilibrium  was reached.
(d) Calculated from c.
(e) Oxalacetate concentration was m easured a t  the  tim es indicated by following the absorption decrease of NAD H  
at 340 mu in the presence of purified m alate dehydrogenase (1).
as seen by the very slow decrease in absorption a t 260 mjt after the equilibrium  
has been established (10). Table I  shows th a t the to ta l concentration of oxal­
acetate remains constant during the time of absorption increase a t 260 m/j. w ith 
high and low concentrations of purified beef live r protein.
TABLE II
Purification of oxalacetate keto-enol isomerase
Total protein 
(mg)
Total units 
for 50 g tissue
Specific
activity
(units/mg)
Beef liver
(1) Extraction 11,900 5.4 4.6X 10-'
(2) 50-70% saturated ammonium sulfate
(3) Sephadex G-25 dialysis 300 16.1* 5.4X10-2
(4) Calcium phosphate -  cellulose
(5) Calcium phosphate concentration,
elution, and dialysis 5.0 8.6 1.7
Rat liver 
Extraction and dialysis, 
16 hours 15,000 23 1.5X10-2
♦On repeated extractions an  increased to ta l units has been observed after some initial purification.
N o te : All steps were carried out a t 3 °C. The units were expressed as micromoles of acid enolized per m inute. 
The protein concentration was measured by the  280 m^ » to  260 m/i ratio (11).
Results of a partia l purification of beef liver protein are shown in  Table I I . 
Frozen beef live r (50 g) was extracted w ith  200 m l of 0.1 M  potassium phos­
phate, pH 7.4, in a W aring Blendor for 4 minutes, during which the temperature 
of the homogenate rose to  19 °C. The cellular particles were removed by centri­
fugation (17,000 X  g  for 10 minutes). The ra t liver tissue (8.1 g) was extracted
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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in a sim ilar manner w ith  32 m l of the buffer. A fter centrifugation the homoge­
nate was dialyzed against water.
The calcium phosphate -  cellulose column was prepared according to the 
method of Massey.* The column was eluted firs t w ith  water (2 liters) and then 
w ith  potassium phosphate, pH  7.4 (0.002 M ). The fractions containing the 
bulk of the a c tiv ity  were combined (10 liters). The protein was concentrated on 
calcium phosphate gel (5%) which had been prepared according to K e ilin  and 
Hartree (12), eluted w ith  1 M  potassium phosphate, pH  7.4, and dialyzed 
against water (16 hours).
The purified beef liver enzyme is slowly inactivated a t room temperature, 
but is completely inactivated by boiling i t  for 1 minute. The molar absorbtiv ity 
of 8.46 X  10* (260 m^) for the enol form of oxalacetate was used for the 
calculations.
Crystalline bovine serum album in has no effect on the spontaneous rate of 
enolization. The enzyme (E.G. No. 5.3.2.1.) tha t enolizes the borate complex of 
phenyl pyruvate has been reported to be inactive w ith  oxalacetate (13).
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